What is already known about this subject
========================================

1.  Aspirin treatment reduces cardiovascular complication in high risk patients.

2.  Less aspirin inhibition of platelet function, for a residual thromboxane formation, is independently associated with an increased risk of cardiovascular events.

3.  Platelet multidrug resistance protein-4 (MRP4) overexpression is a new mechanism of suboptimal platelet inhibition by aspirin in patients who have undergone recent CABG surgery.

What this study adds
====================

1.  Aspirin induces changes in megakaryocytes gene expression leading to MRP4 protein up-regulation in human platelets.

2.  The nuclear receptor, peroxisome proliferator-activated receptor-α (PPARα) is involved in aspirin dependent MRP4 overexpression.

Introduction
============

Exposure of eukaryotic cells to drugs can trigger modifications in the expression of mechanisms susceptible to favour their elimination. Most of them are often related to transient induction of the corresponding gene transcriptional regulation by nuclear receptors. Drug-induced overexpression of efflux transporters, multidrug resistance proteins (MRPs) are the most involved mechanism of drug resistance [@b1].

MRP4 is a member of the MRP/ABCC subfamily of ATP-binding cassette transporters, which are capable of pumping a wide variety of endogenous and xenobiotic organic anionic compounds out of the cell. Its induction reduces intracellular organic anion toxicity or cholestasis [@b2]. In human cells MRP4 up-regulation, after long term exposure to nucleoside-based drugs, severely impaired the antiviral efficacy of PMEA (9-(2-phosphonylmethoxyethyl)adenine), azidothymidine and other nucleoside analogues enhancing drug efflux [@b3].

As first we demonstrated that aspirin is a target for MRP4 in human platelets [@b4] and very recently it was confirmed that both aspirin and its metabolite, salicylic acid, are substrates for mouse ABCC4 (MRP4) [@b5].

Aspirin, at low dosage, acts as an anti-platelet agent and it is able to reduce cardiovascular complications in high risk patients [@b6],[@b7].

Some patients receiving aspirin therapy for secondary prevention do not respond appropriately to aspirin, a heterogeneous phenomenon which is known as 'aspirin resistance' [@b8]. An incomplete suppression of thromboxane generation is independently associated with an increased risk of cardiovascular events [@b9],[@b10] and residual platelet COX-1 function measured by serum thromboxane B~2~ correlates with subsequent major adverse cardiovascular events [@b11].

Suboptimal platelet inhibition by aspirin is particularly common in some diseases such as diabetes [@b12] and essential thrombocythemia [@b13] as well as in patients undergoing coronary artery bypass graft (CABG) surgery [@b14]. In such patients we demonstrated that MRP4 is over-expressed and such up-regulation may be responsible for the reduced aspirin activity on COX-1 [@b4]. Eikelboom & Hankey suggested that platelet MRP4 overexpression is a new, hitherto unrecognized mechanism of 'aspirin resistance' that could explain suboptimal platelet inhibition by aspirin in patients with recent CABG surgery [@b15]. It has been previously demonstrated that aspirin enhances MRP4 mRNA levels in rat liver [@b16]. MRP4 up-regulation in platelets could be an adaptive response necessary to reduce intracellular organic anion toxicity.

Many transcription factor families participate in metabolic MRP4 regulation. In prostate cancer cells, MRP4 gene expression is transcriptionally regulated, at least in part, through androgen receptor activation [@b17]; others showed that peroxisome proliferator-activated receptor-α (PPARα) regulates hepatic MRP4 expression in mouse, after *in vivo* perfluorooctanoic acid and perfluorodecanoic acid (PFDA) administration [@b18], while there is no significant correlation between mRNA expression of PPARγ and MRP4 genes [@b19].

PPARs are ligand activated transcription factors that heterodimerize with the retinoid X receptor and activate transcription binding to a specific DNA element, termed peroxisome proliferator response element (PPRE), in the regulatory region of a variety of genes encoding proteins that are involved in lipid and glucose metabolism and inflammatory response [@b20].

Human bone marrow megakaryocytes (MKs) express PPARα, as well as platelets, and its activation can decrease PDGF-BB expression, both in MKs and in platelets [@b21].

Aspirin might influence expression of PPARα related target genes. In fact, aspirin increases both PPARα mRNA and protein expression in macrophages [@b22], as well as the ABCA1 expression levels via a PPARα dependent mechanism [@b23].

Very recently, a set of platelet-enriched, co-expressed genes and proteins, named aspirin response signature (ARS), was identified. It was associated with platelet function in healthy volunteers (HV) and with death or myocardial infarction in cardiology patients only in those using aspirin [@b24]. These data suggest that aspirin exposure may alter the genomic and proteomic content of circulating platelets.

The aim of our study is to verify whether aspirin affects megakaryocytic gene expression leading to MRP4 up-regulation in human platelets and whether this mechanism is dependent on PPARα activation. In order to reach our goal, we evaluated the aspirin effects on MRP4 gene modulation in a human megakaryoblastic DAMI cell line, MK progenitor cell cultures and in their derived platelets, and platelets obtained from *in vivo* aspirin treated HV.

Our results demonstrate, for the first time, the mechanism by which both *in vitro* and *in vivo* aspirin treatments influence MK gene expression leading to protein overexpression in human platelets.

Methods
=======

DAMI cultures
-------------

A human megakaryoblastic cell line (DAMI) was maintained in RPMI-1640 Media supplemented with 10% heat-inactivated fetal bovine serum, 20 m[m]{.smallcaps} L-glutamine, 100 units ml^−1^ of penicillin G sodium and 100 μg ml^−1^ streptomycin sulphate in a humidified atmosphere containing 5% CO~2~ at 37°C [@b25]. The DAMI cell line was kept under control and its membrane phenotype was periodically monitored by fluorescence-activated cell sorting (FACS) analysis.

Cells were treated with either aspirin (50 μ[m]{.smallcaps}−100 μ[m]{.smallcaps}), salicylate (50 μ[m]{.smallcaps}−100 μ[m]{.smallcaps}) or the PPARα agonist (WY14643) (1 μ[m]{.smallcaps}) (Sigma Chemicals Company, St Louis, MO, USA) for 48 h in a mock culture and an equivalent amount of DMSO, present in aspirin and WY14643 suspension, was added. At the end of the treatment, cells were processed for RNA and protein extraction.

RNA interference
----------------

Double strand interfering RNA (siRNA) targeting human PPARα and a control non-specific siRNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were transfected by means of the Lipofectamine RNAiMAX Reagent (Invitrogen, San Diego, CA). Twenty-four h after siRNA administration, cells were treated with aspirin (50 μ[m]{.smallcaps}) or PPARα agonist (WY14643) (1 μ[m]{.smallcaps}) (SIGMA Chemicals Company, St Louis, MO, USA). Forty-eight h after treatment, cells were processed for RNA and protein analysis.

Human haematopoietic progenitor cell (HPC) purification
-------------------------------------------------------

Adult peripheral blood (PB) was obtained from 20−40-year-old healthy male donors after informed consent. Low density mononuclear cells (MNCs) (less than 1.077 g ml^−1^) were isolated by Ficoll-Hypaque density-gradient centrifugation and CD34^+^ HPCs were purified by using the MiniMACS isolation system (Milteny, Bergisch, Gladbach, Germany) according to the manufacturer\'s instructions. Purified cells were more than 90% CD34^+^, as evaluated by fluorescence-activated cell sorting (FACS) analysis.

MK unilineage cultures
----------------------

Purified HPCs (1 × 10^5^ cells ml^−1^) were grown in fetal calf serum free (FCS^−^) unilineage MK liquid culture [@b26], in the presence of saturating doses of thrombopoietin (TPO) (100 ng ml^−1^) (Peprotech, Rocky Hill, NJ, USA) alone or in combination with aspirin (50 μ[m]{.smallcaps}) or WY14643 (1 μ[m]{.smallcaps}). Either aspirin or WY14643 treatment started from day 6 of culture and continued for the following 4 days. In a mock culture an equivalent amount of DMSO, present in aspirin and WY14643 suspension, was added. Cells were incubated in a fully humidified atmosphere of 5% CO~2~, 5% O~2~ and 90% N~2~ for 14 days. The cells were periodically counted and analyzed for viability, morphology, membrane phenotype and polyploidy through 6 to 14 days\' culture. MKs were collected at different days of differentiation for mRNA analysis. Platelets, produced at the end of the culture, were isolated from supernatants by centrifugation at room temperature for 10 min at 120 *g*, washed with phosphate buffered saline (PBS) and pelleted at room temperature at 900 *g* [@b27].

Platelet preparation and isolation
----------------------------------

Platelets were obtained from Caucasian HV (aged 25 to 54 years, seven males, three females), who did not take any drugs the previous month, at 1 day (T1), 7 days (T7) and 15 days (T15) after beginning aspirin treatment (300 mg day^−1^). Informed written consent was obtained from each HV.

Platelet preparation was performed as previously reported [@b28]. Briefly citrated venous blood was collected from the donors. Blood samples were centrifuged at 200 *g* for 15 min and platelet-rich plasma (PRP) was collected. ACD (39 mM citric acid, 75 mM sodium citrate, 135 mM dextrose, pH 7.4) buffer was added to the PRP which was then centrifuged at 1000 *g* for 10 min to remove the plasma. The platelet pellet was resuspended with platelet-washing buffer, in the presence of EDTA (5 m[m]{.smallcaps}), and then it was filtered through a 5 μm syringe-adaptable filter to remove white blood cell contaminants [@b29].

The mature transcript for CXCL8, (interleukin-8), a leukocyte-specific gene product [@b30], was absent in platelet preparation after filtration showing that leukocyte contamination was not significantly detectable.

Flow cytometry analysis of cell surface antigens
------------------------------------------------

The phenotype of DAMI cells and differentiating HPCs was analyzed by using the following monoclonal antibodies (MoAbs) directly conjugated with either fluorescein isothiocyanate (FITC) or PE: anti-CD34, anti-CD42b, anti-CD61, anti-CD62 (Becton Dickinson) and anti CD41a (Serotec). Cells were incubated for 45 min at 4°C in the presence of proper amounts of specific MoAbs. After three washes with cold PBS, cells were resuspended in 1% formaldehyde and analyzed for fluorescence on a FACS SCAN flow cytometer (Becton Dickinson, Mountain View, CA, USA).

Protein extraction and Western blot
-----------------------------------

To analyze the MRP4 protein, cells were washed twice with cold PBS, collected and centrifuged at 400 g for 10 min. Platelets were washed twice with platelet-washing buffer, collected and centrifuged at 7000 *g* for 3 min.

Platelets and cell pellets were then resuspended in lysis buffer (RIPA buffer: 10 m[m]{.smallcaps} Tris-HCl pH 7.6, 160 m[m]{.smallcaps} NaCl, 1 m[m]{.smallcaps} EGTA, 1% deoxyxholic acid, 1% Triton, 0.1% SDS) incubated in ice for 30 min and centrifuged at 16 000 *g* for 30 min. The supernatant was then collected.

Protein extracts (30 μg) were incubated at 37°C for 30 min and separated on 4--12% SDS-PAGE gel, blotted onto PVDF membrane (GE Healthcare, Milano, Italy), and probed with rat anti-MRP4 (Alexis, Plymouth Meeting, Pennsylvania) and mouse anti-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) monoclonal antibodies. Immunoreactive bands were visualized by enhanced chemoluminescence (PerkinElmer, Waltham, MA, USA).

The densitometric analysis was performed with the National Institutes of Health ImageG analyzer programme.

RNA preparation and real-time quantitative PCR analysis
-------------------------------------------------------

Total RNA from human cell lines, MKs and human platelets was extracted using TRIzol reagent (Invitrogen, San Diego, CA, USA).

For mRNA detection 1 μg of total RNA was transcribed using the GeneAmp Gold RNA PCR Reagent Kit pAW109 (Applied Biosystems, Warrington, UK) according to the manufacturer\'s instructions.

The analysis of gene expression was carried out with Q-RT-PCR using TaqMan® Master Mix and TaqMan®Assay Reagents (Applied Biosystems, Warrington, UK).

The programme of amplification, monitored using ABI Prism 7900 Sequencer Detector (Applied Biosystems, Foster City, CA, USA), was as follows: 50°C for 2 min, 95°C for 10 min, 95°C for 15 s and 60°C for 1 min, the latter two temperatures were repeated for 40 cycles.

All amplification reactions were performed in duplicate using 25 ng of cDNA.

Changes in MRP4, PPARα, CXCL8, actin, GAPDH and CD42B mRNA amounts were quantified by using the ΔΔCt method for relative quantification of gene expression using SDS software version 2.3 (Applied Biosystems Warrington, UK).

Immunofluorescence
------------------

For immunofluorescence, DAMI cells and platelets were fixed with 4% paraformaldehyde in PBS for 30 min, washed in 0.1 [m]{.smallcaps} glycine for 20 min and permeabilized in 0.1% Triton X-100 for an additional 5 min. In order to investigate the subcellular localizations of MRP4, the cells were incubated with anti-MRP4 (Alexis) polyclonal followed by rodamine-anti rabbit (Alexis) or Alexa 488-anti-rabbit (Invitrogen, San Diego, CA, USA). The nuclei were stained with 4,6-diamido-2-phenylindole (DAPI, Sigma-Aldrich, Milan, Italy). Images at 40× and 60× were taken with an AxioCam with a Zeiss Apotome Axio Observer Z1 inverted microscope (Carl Zeiss, Thornwood, New York, USA).

Statistics
----------

Data are presented as mean ± SD. The level of significance was determined by an unpaired, two-tailed Student\'s *t*-test (KaleidaGraph software 3.6). Results were considered statistically significant if a *P* value of less than 0.05 was reached.

Results
=======

MRP4 expression in aspirin treated DAMI cells
---------------------------------------------

The effect of aspirin on MRP4 expression was initially investigated in a human megakaryoblastic cell line (DAMI) that permanently showed the phenotype CD61+, CD41+, CD42+ as evaluated by FACS analysis (data not shown).

DAMI cells treated with aspirin (50−100 [m]{.smallcaps} for 48 h) showed higher MRP4 mRNA levels compared with mock culture (Figure [1](#fig01){ref-type="fig"}A upper graph).

![Aspirin stimulates endogenous MRP4 mRNA and protein expression in DAMI cells. (A) Q-RT-PCR analysis of endogenous MRP4 and PPARα expression 48 h after treatment with either 50 μ[m]{.smallcaps} or 100 μ[m]{.smallcaps} aspirin (ASA) and/or 1 μ[m]{.smallcaps} PPARα agonist, WY14643 (WY). Data were normalized with the mean of the fold induction of GAPDH, ACTB and CD42B expression and reported as mean ± SD of three experiments (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001; *t*-test). Statistical analysis for the comparison WY14643 *vs*. WY14643+ASA 50 μ[m]{.smallcaps} is not significant (NS). (B) Representative Western blot, of four performed, of endogenous MRP4 expression 48 h after treatment with either 50 μ[m]{.smallcaps} aspirin (ASA) or 1 μ[m]{.smallcaps} PPARα agonist (WY). Densitometric analysis is reported as mean ± SD of increasing fold, compared to control. (*n* = 4; \**P* \< 0.05; *t-*test)](bcp0078-1343-f1){#fig01}

It was also demonstrated that aspirin *in vitro* treatment was associated with increases of PPARα expression [@b22]. Therefore, we investigated whether aspirin treatment affected the expression of nuclear receptor PPARα also in the megakaryocytic lineage. As expected, aspirin treatment (50--100 μ[m]{.smallcaps} for 48 h) increased PPARα mRNA expression in DAMI cells (Figure [1](#fig01){ref-type="fig"}A lower graph), thus suggesting that PPARα regulates MRP4 expression.

To explore further whether PPARα was responsible for the MRP4 expression increase, DAMI cells were treated with the selective PPARα agonist, WY14643 (1 μ[m]{.smallcaps} for 48 h) [@b31]. The results obtained show that WY14643 cell treatment caused an increase of both MRP4 (fold increase 1.49) and PPARα (fold increase 2.2) mRNA expression as compared with untreated cells. Both increases were similar to those obtained in aspirin-treated cells (Figure [1](#fig01){ref-type="fig"}A). To exclude that aspirin could act by different mechanisms from PPARα on MRP4 up-regulation, we performed experiments in which DAMI cells were treated with aspirin and WY14643 in combination. The results obtained suggest that there is not any synergistic effect between aspirin and WY14643. In fact the MRP4 and PPARα mRNA levels in aspirin plus WY14643 (fold increase 1.45 and 2.62 respectively) treated cells are similar to those obtained after treatment with WY14643 alone (Figure [1](#fig01){ref-type="fig"}A).

MRP4 protein expression in aspirin treated cells was studied using two different experimental approaches, Western blot and immunofluorescence analysis.

Western blot analysis revealed an increase of MRP4 protein expression in cells treated with either aspirin (50 μ[m]{.smallcaps} for 48 h) or WY14643 (1 μ[m]{.smallcaps} for 48 h) (Figure [1](#fig01){ref-type="fig"}B upper figure). Densitometry analysis showed a statistically significant higher induction of MRP4 protein expression, that is enhanced more than 30% in comparison with untreated cells (Figure [1](#fig01){ref-type="fig"}B lower graph).

In the same experimental conditions, immunofluorescence analysis confirmed a consistent MRP4 staining increase in cells treated with either aspirin or WY14643 in comparison with mock cells, that showed only a punctate labelling pattern (Figure [2](#fig02){ref-type="fig"}A).

![Aspirin stimulates endogenous MRP4 protein expression in DAMI cells. Immunofluorescence analysis of MRP4 (red) in DAMI cells, in untreated (Ctr) or treated, for 48 h, with either 50 μ[m]{.smallcaps} aspirin (ASA) or 1 μ[m]{.smallcaps} PPARα agonist, WY14643 (WY). Nuclei are counterstained with DAPI (blue). All data shown are representative of three independent experiments](bcp0078-1343-f2){#fig02}

More importantly, we measured MRP4 and PPARα expression after discontinuation of the drug and we observed a significant decrease of MRP4 and PPARα expression in *in vitro* studies 2 days after suspension of aspirin treatment (WO 2 days). This effect occured because, 2 days after suspension, about 80% of DAMI cells analyzed were grown in the absence of aspirin. Decrease in MRP4 (Figure [3](#fig03){ref-type="fig"}A) and PPARα (Figure [3](#fig03){ref-type="fig"}B) expression became more evident after 5 and 7 days (WO 5 and WO 7 days).

![MRP4 expression after aspirin suspension in DAMI cells. Q-RT-PCR analysis of endogenous MRP4 and PPARα expression in DAMI cells, in either untreated (Ctr) or treated, for 48 h, with 50 μ[m]{.smallcaps} aspirin (ASA) or after 2, 5 and 7 days of aspirin suspension (wash out, WO). Data were normalized with the mean of the fold induction of GAPDH, ACTB and CD42B expression and reported as mean ± SD of three experiments (NS = not significant, \**P* \< 0.05; *t*-test)](bcp0078-1343-f3){#fig03}

In order to demonstrate whether aspirin dependent gene expression may be due to 'salicylate moiety-associated' effect, we also performed experiments with salicylate. Such experiments showed that salicylate treatment did not increase mRNA and protein MRP4 expression levels (data not shown).

To confirm further the involvement of PPARα in MRP4 up-regulation, DAMI cells were transfected with PPARα specific siRNA (PPAR-si). Cells transfected with PPAR-si did not show any significant increase of PPARα mRNA and protein expression after aspirin and WY14643 treatment while cells transfected with control non-specific siRNA (CTR-si) showed the same aspirin and WY14643 induced expression changes observed in untrasfected cells (Figure [4](#fig04){ref-type="fig"}A and B). Similarly, no increase of aspirin and WY14643 dependent MRP4 expression was detected in cells treated with PPAR-si, unlike those found in CTR-si transfected cells (Figure [4](#fig04){ref-type="fig"}C).

![Aspirin stimulates endogenous MRP4 via a PPARα dependent mechanism in DAMI cells. Control non- specific siRNA (CTRsi) and PPARα specific siRNA (PPARsi) transfected DAMI cells were either untreated (Ctr) or treated, for 48 h, with either 50 μ[m]{.smallcaps} aspirin (ASA) or 1 μ[m]{.smallcaps} PPARα agonist, WY14643 (WY). (A) Q-RT-PCR analysis of endogenous PPARα expression. Data were normalized with the mean of the fold induction of GAPDH, ACTB and CD42B expression and reported as mean ± SD of three experiments (NS = not significant, \*\**P* \< 0.01, \*\*\**P* \< 0.001; *t*-test). (B) Endogenous PPARα protein expression. Representative Western blot, out of three performed. (C) Q-RT-PCR analysis of endogenous MRP4 expression; Data were normalized with ACTB expression and reported as mean ± SD of three experiments (NS = not significant, \*\**P* \< 0.01, \*\*\**P* \< 0.001; *t*-test)](bcp0078-1343-f4){#fig04}

Overall these data strongly support the hypothesis that aspirin exerts a PPARα-mediated activity on MRP4 expression.

MRP4 and PPARα expression in culture of aspirin-treated MKs
-----------------------------------------------------------

Analysis of MRP4 expression in DAMI cells suggested that aspirin could also affect its expression in MKs. Therefore, to corroborate our studies, we analyzed the effects of aspirin on MRP4 expression in differentiating human MK progenitor cells.

In our previous studies we optimized a serum-free liquid suspension culture for gradual HPC differentiation and maturation along the MK lineage, giving rise to a virtually pure MK population (97--99% of the cells were CD61+/CD41+) as well as to a pro-platelet and platelet formation, as previously reported [@b26],[@b27]. Either aspirin (50 μ[m]{.smallcaps}) or WY14643 (1 μ[m]{.smallcaps}) were added at day 6 of differentiative MK culture (when most cells are MK precursors) for 4 days. MKs were collected during the terminal days of differentiation to evaluate both MRP4 and PPARα mRNA expression while platelets, obtained at the end of *in vitro* MK maturation, were recovered and analyzed for MRP4 protein expression.

The results demonstrated that in mature MKs both aspirin and WY14643 increased the mRNA expression of MRP4 (1.7 and 1.8 fold increase, respectively) and PPARα (1.8 and 2.6 fold increase, respectively) as compared with mock culture (Figure [5](#fig05){ref-type="fig"}A). In derived platelets, obtained at the end of the MK culture, treated with either aspirin or WY14643, protein analysis showed an increased MRP4 expression (1.6 fold for aspirin and 1.5 fold for WY14643) as compared with mock culture, suggesting that the effect of MK aspirin and WY14643 treatment persists in platelet progeny (Figure [5](#fig05){ref-type="fig"}B).

![Aspirin stimulates endogenous MRP4 expression in megakaryocytes. (A) Q-RT-PCR analysis of endogenous MRP4 and PPARα expression in MKs, derived from HPC grown, in mock culture (Ctr), and grown the presence of either 50 μ[m]{.smallcaps} aspirin (ASA) or 1 μ[m]{.smallcaps} PPARα agonist, WY14643 (WY). Data were normalized with GAPDH expression and reported as mean ± SD of three experiments \*\**P* \< 0.01; *t-*test). (B) Densitometric analysis of MRP4 protein expression in platelets derived from culture grown MKs in mock culture (Ctr) and in the presence of either 50 μ[m]{.smallcaps} aspirin (ASA) or 1 μ[m]{.smallcaps} PPARα agonist, WY14643 (WY). Data, normalized with actin expression, were reported as mean of fold increase ± SD, compared with Ctr (*n* = 3; \**P* \< 0.05; *t-*test)](bcp0078-1343-f5){#fig05}

MRP4 expression in platelets obtained from healthy volunteers under aspirin treatment
-------------------------------------------------------------------------------------

To investigate whether aspirin could regulate MRP4 expression even after *in vivo* administration, we explored platelet MRP4 mRNA and protein expression in 10 HV after 1, 7 and 15 days\' aspirin treatment (300 mg day^−1^).

The results revealed that platelet expression of MRP4 mRNA in HV, increased slightly after 7 days\' aspirin treatment and significantly after 15 days\' treatment (approximately 30%), as compared with those found in platelets obtained after 1 day\'s treatment (*P* = 0.08) (Figure [6](#fig06){ref-type="fig"}A).

![MRP4 expression in healthy volunteer (HV) platelets after aspirin treatment. (A) Q-RT-PCR analysis, MRP4 mRNA level expression in platelets obtained from HV after 1 (T1), 7 (T7) and 15 (T15) days\' aspirin treatment (300 mg day^−1^). Data were normalized with the mean of the fold induction of GAPDH, ACTB and CD42B expression and reported as mean ± SD of 10 experiments using platelets obtained from different HV (NS = not significant, \*\**P* \< 0.02). (B) Western blot analysis of MRP4 protein expression in platelets obtained from HV treated with aspirin for 1 (T1), 7 (T7) and 15 (T15) days. Densitometric analysis is reported as fold increase, compared with T1. Results are representative of 10 experiments (\*\**P* \< 0.02; *t-*test). (C) Immunofluorescence microscopy of platelets obtained from HV treated with aspirin for 1 (T1), 7 (T7) and 15 (T15) days. Platelets were incubated with antibodies against MRP4 (green fluorescence). Representative experiment out of five performed using platelets obtained from different HV. The arrow points to MRP4 plasma membrane localization](bcp0078-1343-f6){#fig06}

The Western blot analysis showed a parallel behaviour of the mRNA expression, with a small increase of MRP4 protein expression after 7 days\' aspirin treatment that became more evident after 15 days (Figure [6](#fig06){ref-type="fig"}B).

Immunofluorescence analysis clearly confirmed these results, revealing that at 7 and 15 days\' aspirin treatment MRP4 was more detectable, being predominantly localized in discrete spots, often distributed towards the periphery of the platelets (Figure [6](#fig06){ref-type="fig"}C).

All together, our data consistently support the view that, also *in vivo*, aspirin treatment induces MRP4 overexpression in human platelets.

Discussion
==========

In this study we investigated the effect of aspirin treatment on MK gene expression leading to the up-regulation of the MRP4 protein in human platelets.

The modulation of the MRP4 mRNA and protein expression was evaluated after aspirin treatment in i) a DAMI megakaryoblastic cell line, ii) human cultured MKs and derived platelets and iii) platelets obtained from *in vivo* aspirin treated HVs.

In DAMI cells, aspirin treatment induced a statistically significant increase of MRP4 and PPARα expression. In addition, as with aspirin, MRP4 overexpression was induced by a PPARα agonist and the same expression levels were also obtained by addition of both aspirin and a PPARα agonist to the cells. All this suggests that the effect is not synergistic. All these results lead us to ascribe the ability of aspirin in enhancing MRP4 expression to the activation of the nuclear receptor PPARα.

Our hypothesis is also supported by siRNA experiments. In fact any MRP4 up-regulation was not observed after aspirin or PPARα specific agonist treatment in PPARα siRNA-transfected DAMI cells.

Such a relationship between PPARα activation and MRP4 drug dependent up-regulation is similar to that reported in the mouse. In fact, after *in vivo* perfluorooctanoic acid and perfluorodecanoic acid administration, the liver mounts a compensatory hepatoprotective response via PPARα, leading to a marked increase in MRP4 expression [@b18].

The effect of aspirin on MRP4 expression is also observed in MK cultures as 4 days\' *in vitro* aspirin treatment (starting 6 days\' culture) induced an enhancement of MRP4 expression in MKs. Such protein up-regulation is also evident in platelets recovered at the end of the culture. As observed in DAMI cells, PPARα activation by its agonist enhances MRP4 expression in both MKs and their derived platelets. These data suggest that aspirin affects MRP4 expression in MKs, through PPARα activation, and such protein up-regulation can be transferred to the derived platelets.

The PPARα transcriptional effect on MK gene regulation, responsible for the changes in platelet protein expression, is not surprising. In fact, a previous study showed that PPARα activation in human bone marrow MKs induced a transcriptional change (suppression of the PDGF-BB protein) that can be transmitted to circulating platelets [@b21].

The ability of aspirin to modulate MRP4 expression in MKs and to transfer it to platelets was confirmed in our *in vivo* studies. In fact, we found the highest MRP4 mRNA amount in platelets obtained from HV at 15 days\' treatment, when all the platelets analyzed derived from MKs under *in vivo* aspirin treatment, in line with their 10 days\' half-life. In platelets obtained from HV after 7 days\' treatment, the increase of MRP4 mRNA and protein expression was less evident than the one observed at 15 days\' treatment, but higher in comparison with those shown in platelets obtained from the same HV after 1 day\'s treatment. The enhanced mRNA and protein-MRP4 expression in platelets, obtained from patients after 15 days\' aspirin treatment, is in agreement with compelling evidence that MKs transfer their mRNA to platelets [@b32].

In addition, as already observed in platelets obtained from CABG patients [@b4] immunoflorescence analysis highlighted that MRP4 was particularly distributed along plasma membrane.

Our data provide further evidence that drug-dependent over-expression of multidrug transporters is a global adaptation of the cells to what seems to be a major toxic stress [@b1].

It was previously reported that aspirin was a substrate of either human or mouse MRP4 [@b4],[@b5], and a reduced aspirin action in CABG patient platelets was associated to MRP4 overexpression [@b4]. As in our previous reports we observed a progressive reduction in platelet sensitivity to aspirin [@b33] and in this paper we can speculate that the limited drug capacity in reducing platelet function, observed in patients treated with aspirin long term, could be due to a drug dependent MRP4 up-regulation.

Fibrates are PPARα agonists and are frequently used as lipid lowing drugs in cardiology patients [@b34]. Although our *in vitro* experiments did not show any synergistic effect between WY14643 (fibrate) [@b34] and aspirin in inducing MRP4 expression, we cannot exclude that *in vivo* treatment with fibrates in patients on aspirin could reduce aspirin action. To the best of our knowledge there are no control randomized studies to identify aspirin responsiveness in patients treated with fibrates.

In addition, as MRP4 acts as a negative regulator that limits the effect of platelet cyclic nucleotides [@b35], its up-regulation could reduce the endothelial effects on platelets important in limiting thrombus formation such as PGI2 and NO secretion.

Our studies are in line with a very recent paper published by Voora *et al*. [@b24] in which they point out that the biology of aspirin is complex and involves additional mechanisms besides inhibiting platelet COX-1, and some of these mechanisms underlie the risk for cardiovascular events. They identified a set of platelet-enriched genes and proteins, named aspirin response signature (ARS), that was associated with platelet function in HV only after aspirin administration, and with death or myocardial infarction in cardiology patients only in those using aspirin at the enrolment. For this reason they hypothesized that the genomic response to a pharmacological 'challenge' with aspirin could be due to aspirin exposure that altered the genomic and protein content of circulating platelets. Moreover, very recently Floyd *et al*. found an increased platelet expression of glycoprotein IIIa (GpIIIa) following aspirin treatment [@b36]. From this point of view, our study finds a clinical implication and although we did not analyze the effect of aspirin on ARS gene expression or GpIIIa platelet expression, our data support both hypotheses and we can affirm that aspirin is able to alter the protein content of circulating platelets.

Clinicians currently need a readily available biomarker for identifying patients who do not respond adequately to aspirin and hence are at the risk of death or MI. Voora *et al*. [@b24] proposed novel biomarkers in the Whole-Blood RNA profiling, a well established diagnostic testing platform for cardiac allograft rejection and CAD diagnosis, approved by FDA and insurance coverage; Floyd *et al*. [@b36] identified glycoprotein IIIa expression as a novel candidate protein biomarkers of aspirin resistance. Our paper suggests that it could be important to verify the possibility to add a MRP4-mRNA assay into the PCR based platform.

In conclusion, the present study demonstrates that human megakaryocytic cells have an adaptive response to aspirin treatment, leading to an enhancement of MRP4 expression in circulating platelets and this represents an innovative and attractive approach with clinical implications in both identifying patients less sensitive to aspirin treatment and in improving aspirin treatment in high risk cardiovascular patients.
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